A new adsorbent resin has been developed by immobilizing gallic acid with formaldehyde, and its adsorption properties to Rh 3+ were reviewed with respect to the collection in aqueous solution. Linear and nonlinear regression procedures have been applied to the Langmuir, Freundlich, Tempkin, Dubinin-Radushkevich, and Redlich-Peterson isotherms. The resin exhibited good adsorption capacity towards Rh 3+ from acidic aqueous solutions ([
Introduction
Because of lower ore reserve and many dierent industrial applications, Platinum Group Metals (PGM) must be recycled. Rhodium is one of the most expensive PGM. Adsorption of rhodium (III) from chlorine and other ligand-containing aqueous solutions has been studied by several methods. Over the years, interest has been shifted toward developing separation agents from a variety of low-cost biomaterials, used as starting materials, such as cellulosic materials [1] , chitosan [2] , tannin materials [3, 4] , etc. for precious metals separation. The main advantages of using bioderived materials as adsorbents are the unlimited supply of feed materials, no production of secondary compounds such as sludge, biodegradability, and environmentally friendly nature [5] .
In our previous paper [6] , we reported the successfull synthesis and characterization of insoluble tannin polymer particles, however adsorption isotherm, thermodynamic and elution experiments have not been performed. In this work, the adsorption behavior of gallic acid resol polymer (GAR) of Rh (III) ions in model solutions, in strongly acidic conditions was investigated batchwise. For this purpose, the eects of particle size and dose of sawdust, pH, contact time and of the initial In addition, dierent stripping solutions were also investigated for elution of adsorbed Rh (III) ion from GAR particle surface.
Experimental 2.1. Materials
Gallic acid was purchased from Alfa Aesar GmbH&Co. 
Adsorption studies
The rhodium (III) solution was prepared by diluting stock solutions to concentrations of mainly 50 mg/l. 50 ml of metal ion solutions prepared for adsorption experiments were stirred after adding 200 mg of GAR particles. All adsorption experiments were carried out in standard conditions and strictly adhered to batchwise system.
Only adsorption capacity experiments were carried out by agitating 1 g of GAR with 1000 ml of metal solution, with the various initial metal concentrations, for 150 min (the time required for equilibrium to be reached between metal ions adsorbed and metal ions in solution). The experiments were performed at 300 rpm. The initial pHs of (1301) the solutions were controlled by adding a small amount of HCl, HNO 3 , NaOH and HClO 4 . At the end of the adsorption period, 15 ml samples were centrifuged and the solutions were ltered through a 0.45 µm Milipore lter paper to avoid any solid particle in the aqueous phase.
Samples were measured using AAS. All the adsorption tests were performed at least twice so as to avoid wrong interpretation, owing to any experimental errors. FAAS was calibrated using 0, 4, 12 and 20 ppm standard solution for Rh (III) in 1 M HCl. Samples were diluted to measurement limits for precise results. Amount of adsorbed metal ions was calculated from the concentrations in solutions before and after adsorption process.
Results were taken from the average of three scans for each sample.
Adsorption isotherms
To simulate the adsorption isotherm, ve commonly used models, the Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, and Redlich-Peterson, were selected to explicate metal ion-GAR interactions. These isotherms and their linear forms can be seen in Table I .
Although there have been ve dierent linear form of Langmiur isotherm equations named as Langmuir [7] , Competitive Langmuir [8] , Lineweaver-Burk [9] , EadieHofstee [1011], Scatchard [13] , and log-log [14] , only two most commonly used forms, are given in Table I .
Lineweaver-Burk linear form [9] , is very sensitive to errors, especially in the lower left corner of the chart, it is in a very good agreement with to the experimental data [14] . The K L and a L are the Langmuir isotherm constants and the K L /a L gives the theoretical monolayer saturation capacity, Q 0 .
The essential features of the Langmuir isotherm can be expressed in terms of a dimensionless constant called separation factor (R L ) which is dened by the following equation
where C 0 (mg/l) is the initial Rh (III) concentration and a L (l/mg) is the Langmuir constant related to the energy of adsorption. In this context, the value of R L indicates the shape of the isotherms to be either unfavorable [21] . 
Isotherm
Linear form [18, 19] qe = qme Table I . In this equation,
is the Freundlich constant related to the bonding energy, and n, (g/l) is the heterogeneity factor. The slope (1/n) ranges between 0 and 1. It is a measure of adsorption intensity or surface heterogeneity, and it becomes more heterogeneous when its value gets closer to zero. Whereas, a value below unity implies chemisorptions process. Value of 1/n above unity is an indicative of cooperative adsorption [21] . Its linearized and non-linearized equations are listed in Table I .
By ignoring the extremely low and large value of concentrations, the derivation of the Temkin isotherm assumes that the fall in the heat of sorption is linear rather than logarithmic. Temkin equation is excellent for predicting the gas phase equilibrium. Conversely, complex adsorption systems including the liquid-phase adsorption isotherms are usually not appropriate to be represented.
In this equation, A (l/mg) is the equilibrium binding constant corresponding to the maximum binding energy, b (J/mol) is Temkin isotherm constant and constant B (dimensionless) is related to the heat of adsorption.
Radushkevich [19] and Dubinin [18] have reported that the characteristic sorption curve is related to the porous structure of the sorbent (Table I) . Here constant, β,
2 ) is the D-R constant related to the mean free energy of sorption per mole of the sorbate, as it is transferred to the surface of the solid from innite dis-tance in the solution and can be correlated using following relationship:
and q m , (mmol/g) is denoted as the single layer capacity. In a deeper explanation, E value indicates the mechanism of the adsorption reaction. When E < 8 kJ/mol, physical forces may aect the adsorption. If 8 < E < 16 kJ/mol, adsorption is governed by ion exchange mechanism, while
for the values of E > 18 kJ/mol, adsorption may be dominated by particle diusion. The model has often successfully tted high solute activities and the intermediate range of concentrations data, however it has unsatisfactory asymptotic properties and does not predict the Henry's law at low pressure [21] . Meanwhile, the parameter ε known as Polanyi potential, can be correlated as
where R, T and C e represent the gas constant (8.314 J/mol K), absolute temperature (K) and adsorbate equilibrium concentration (mg/l), respectively.
The Redlich-Peterson isotherm contains three pa-
) and incorporates the features of the Langmuir and the Freundlich isotherms [20] . Its equation and linear form can be seen in Table I . Isotherm's unitless constant g has values between 0 < g < 1. When g = 1, adsorption isotherm ts Langmuir isotherm. If g = 0, isotherm is now fully Freundlich isotherm [21] . Due to having this versatility, it can be applied either to homogeneous or heterogeneous systems.
Because this isotherm contains three constants, it has
been demonstrated that the non-linear method is a better way to obtain the isotherm parameters. A trial-and-error procedure, which is applicable to computer operation, was used to compare the best t of the three isotherms, using the least squares optimization routine to minimize the sum of the squares of the errors, between the experimental data and the isotherms in the solver add-in of the Microsoft's Excel. In addition, the Redlich-Peterson isotherm equation can be resolved by the linear regression method, by transforming it into a linear form.
Error analysis
Linear regression has been one of the most viable tools, dening the best-tting relationship quantifying the distribution of adsorbates, mathematically analyzing the adsorption systems and verifying the consistency and theoretical assumptions of an isotherm model [21] . Concomitant with the development of computer technology, the progression of the nonlinear isotherm modeling has extensively been facilitated. Contrary to the linearization models, nonlinear regression usually involves the minimization or maximization of error distribution between the experimental data and the predicted isotherm, based on its convergence criteria [22, 23] . In this study two error functions, the coecient of determination and nonlinear chi-square test have been used for analyzing the adsorption system. 
(q e,calc − q e,meas )
2 q e,meas . 
log ( q e C e ) = ∆S
where q e is the amount of Rh (III) adsorbed per unit mass of pine cone (mg/g), C e is equilibrium concentration (mg/l) and T is temperature in K and R is the gas 
∆H
• is indicating that the adsorption reaction was endothermic [25] . The negative entropy change (∆S • ) for the process was caused by the decrease in degree of freedom of the adsorbed species [26] .
Results and discussion
PGMs can be present in the form of chloro-complexes. 
Eect of acidity
The pH of the aqueous solution is one of the important controlling parameters in the sorption process of PGMs.
The eect of initial pH was studied at the pH ranges of 
Eect of GAR mass
The eect of the adsorbent dosage on adsorptions of Rh (III) on the surface of GAR particles is shown in 
Eect of contact time and initial Rh (III) concentration
The preliminary experiments showed that the adsorption of Rh (III) is fast at the initial stages and becomes slower near the equilibrium. 
Determination of thermodynamic parameters
The plot of ln K L against 1/T is linear, thus ∆H
• and
∆S
• were calculated from the slope and intercept of the line, respectively. The slope of the van't Ho plot is equal to −∆H • /R, and its interception is equal to ∆S • /R. The van't Ho plot for the adsorption of Rh (III) onto GAR particles is given in Fig. 8 .
The obtained thermodynamic parameters are given in is smaller than 40 kJ/(mol K), the interaction is assumed as weak interaction or physisorption [28] . Based on this study ∆H
• values were determined as 22.50 kJ/(mol K)
for Rh (III). This suggests that the adsorption of Rh (III)
ions onto GAR particles is driven by the physisorption process. The positive value of ∆S
• suggests the increase of randomness at the solid/solution interface during the adsorption.
Desorption of Rh (III) ions
Desorption of Rh (III) ions from the surface of GAR particles was rapid and equilibrium was achieved within 45 minutes. The adsorption experiments were performed at optimum conditions and then recovery experiments were conducted. As shown in Table IV , dierent elation solution were selected in order to determine the most ecient one. 100 percent desorbtion was achieved with all stripping solutions. 
